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PRINCIPAL INVESTIGATOR

Dr. Madhu Chinthavali, 

Leader ðPower Electronics Systems Integration (PESI) Group, 

Distinguished R&D Staff Professional, 

ORNL 

Smart Universal Power Electronics Regulators (SUPERs) & 

Intelligent Power Stages (IPSs) for SSPS 1.0

SSPS 1.0: Hardware Development
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Demonstration of advanced and standardized power 
electronics interfaces (SUPER & IPS) for the grid

PROJECT SUMMARY

Ç Universal design for grid interfaces ïInterfaces that can be tied to assets or loads 

with changes only to the software layer 

Ç Grid interfaces with advanced & intelligent features ïAutonomous operation, 

online health monitoring & decision-making capability

Ç Scalable and interoperable design with standardized interfaces

Ç IPSs with advanced sensing techniques, algorithms capable of estimating the 

health of at least 2 components 
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The Numbers

DOE PROGRAM OFFICE:

OE ïTransformer Resilience and 
Advanced Components (TRAC)

FUNDING OPPORTUNITY:
AOP

LOCATION:
Knoxville, Tennessee

PROJECT TERM:

07/01/2020 to 09/30/2022

PROJECT STATUS:

Ongoing

AWARD AMOUNT (DOE CONTRIBUTION):

$9,000,000

AWARDEE CONTRIBUTION (COST SHARE):

$0

PARTNERS:

Consortium of University 

Partners
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Team - ORNL

Madhu Chinthavali
Power Electronics System 

Architecture

Radha Sree Krishna Moorthy
Project Lead & Software 
framework development

Brian Rowden
Hardware design and 

prototyping

Rafal Wojda
Magnetics Design 

Jang Euk
Fiber Optic Interface 

Development

Aswad Adib
SUPER and IPS simulation

Steven Campbell
System Integration & 

Testing

Jonathan Harter 
Hardware development

ORNL - SUPER architecture, functionalities & advanced algorithms, IPS (developed by ORNL), integration of IPSs from 

partners
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University Partners ðLibrary of IPSs

ÅThe Ohio State University, Columbus, Ohio: Dr. Jin Wang 

ÅVirginia Polytechnic Institute and State University (Vtech), 
Blacksburg, Virginia: Dr. Rolando Burgos

ÅFlorida State University (FSU), Tallahassee, Florida: Dr. 
Helen Li

ÅThe University of Texas at Austin, Texas: Dr. Alex Huang

ÅThe University of Arkansas (UARK), Fayetteville, 
Arkansas: Dr. Yue Zhao

ÅThe State University of New York (SUNY) at Stony Brook, 
New York: Dr. Fang Luo

ÅThe University of North Carolina at Charlotte (UNCC), 
North Carolina: Dr. Babak Parkhideh

14 Professors/PIs, 6 Postdocs, 26 Students
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Innovation: SSPS 1.0 Implementation

ÇSSPS Hubs & Nodes ïAn autonomous grid 

entity capable of power and information 

exchange serving as an interface between the 

grid and end user.

ÇSSPS concept will enable hierarchical control, 

communication, optimization, protection and 

intelligence 

ÇArchitecture realized by fundamental building 

blocks ïmodular, interoperable, scalable, 

autonomous & intelligent grid tied systems

** ñSolid state power substation Technology Roadmapò, U. S DOE Office of Electricity, Transformer Resilience and Advanced 

Components (TRAC) Program, Jun. 2020.
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Innovation: SUPER

State of the Art

SUPER Features System level impact

1. Interoperability      X
ÅEasy integration & reduction in 

BOS costs

2. Embedded intelligence & 

decision-making capability 

with a flexible scalable  

platform        X

ÅImproved voltage profile at the 

point of connection (POC)

ÅDe-rated/continuous operation 

during failure events 

3. Embedded online health 

monitoring system ï

Diagnostics/Prognostics      

X

ÅAllows maintenances to be 

pre- planned

ÅCan prevent the loss of the 

inverter from affecting the 

overall system

ÅIncreases lifetime

ÅData for offline learning 

algorithms

4. Cyber-physical security 
ÅImproved protection against 

cyber threats

5. Self contained intelligent 

power stages      X

ÅDecouples parasitics and 

noise loops 

ÅAdditional sensing & processor 

can be utilized for internal 

health monitoring of IPS

SUPER

Communication Interface

Standardized 
Communication Ports

Measurement, Control Commands, 
Set Points, Status & Configuration

Standardized I/P & O/P Ports

Auxiliary 
Circuits

Embedded Platform
(PWM generation, Component health 
monitoring, State machine, Protection)

IPS

Standardized Power 
Interconnects

Passives

Sensor 
Outputs

PWM Signal

Sensing & Protection 
Circuits

Auxiliary 
Circuits

Power Stage

Advanced sensing & 
Protection Circuits

Standardized 
Signal 

Interconnects

SUPER Level - Embedded Controller
(PLL, Current Control State Machine, 

Protection Logic Χ..)

Control 
Channel

Data 
Channel

SUPER

Computational Node ς Intelligence
(System Monitoring, Auto Configuration, 

State Machine ΧΧ)

Passives

SUPER ς Computational Platform

From/ To Other Controllers

Measurement, Control Commands, 
Set Points, Status & Configuration

Communication Interface

Communication 
Ports

Sensor 
Outputs

PWM Signals

Measurement, 
Control Commands

Power Stage

Embedded Platform
(controls, communication & 

protection)

Non-Standardized I/P & O/P 
Ports

Measurement, 
Control Commands

Auxiliary 
Circuits

Passives
Sensors & 

Protection Circuits
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Innovation: Fundamental Building Blocks - SUPER

Increases system reliability, 
reduces downtime by 
continuously monitoring the 
health of the components

Enables autonomous operation & maximizes grid 
support. Enables dynamic voltage & frequency 

regulation etc.

Enables transactive function for P & Q
Embedded intelligence for fault tolerant operation etc. 

Continuously monitors the POC and acts 
immediately on nodal abnormalities

Self contained power stages 
with passives, aux power, 
sensing etc. to decouple 
parasitic loops, noise loops etc. 

Protective 

Devices

Utility-voltage-fed 

or DC-link-fed 

SUPER level Controller with protection & health 

monitoring

Protection 
logic

Agent & data logging

Control, setpoints & 
settings

Status, measurement & 
configuration

I /P Port

Comms 

Port

Auxiliary 

power

Filter 

stage & 

Sensors

IPS - 1 IPS - 2

Filter 

stage & 

Sensors

Protective 

Devices O/P Port

Control 
signals

Measurements, 
health 

Measurements, 
health 

Measurements, 
health 

Protection 
logic

Smart Universal Power Electronics Regulators (SUPERs) ïModular, interoperable entities that are for fundamental blocks 

of SSPS
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Innovation ðFundamental Building Blocks ðIPS

Gate Driver

Electrical 
Cables

IPS Controller and Interface

Self-Fed 

Insulation 
Requirement:

Vdc

PWM/FB PWM/FB

A

AC 
Contactor

Cdec

Cdc

Cdc

DC 
Breaker

Voltage/Current 
Transducer

CB

AC

T

V

A

VGate DriverT V Gate Driver

Optic Fibers or 
Electrical Cables

GD PS: 

25V

Insulation 
Requirement:

Vdc

Internal Auxi liary 

Power Bus

T V

PWM/FB

CB AC

Minimum Integrated Passives

Intell igent Gate Driver

Self-contained Auxiliary 

Power Supply

Powerful Processor and Interface

Advanced Packaging and 

Thermal Management Solutions

Standardized Electrical Ports and 

Comm. Interface

SUPER to IPS 

Comm. Interface

Protective Devices 

DC 

Ports

AC 

Ports

IPS Critical Features Desired by SUPER: 

Å Interoperable plug-and-play power stage

Å Provide sufficient component-level status information to 

enable accurate SUPER-level diagnostics and prognostics

Device: Advantage 

packaging to shrink overall 

SUPER and IPS form 

factor

Auxiliary power supply: 

Self-maintained power 

supply provides safe 

shut-down during system 

crash and minimize the

Interconnection between 

SUPER and IPS

Integrated passives: 

Ensure safe and reliable 

performance with the 

minimum required 

parameters, so the 

Gate driver: Integrated and 

intelligent gate driver (i2GD) 

enables integrated sensing (e.g., dc 

link voltage, device or phase 

current), active gate driving, and 

initially enable diagnostics and 

prognostics features for SUPER

Sensors: Several sensors can be 

integrated into gate drivers to 

improve the overall form factor and 

mitigate noise interference

Controller: More powerful computation 

and communication capability to handle 

data processing to enable diagnostics 

and prognostics 

Interconnectors between 

components within IPS: More 

optical interconnections involved to 

improve the noise immunity 

capability, especially at higher 

switching frequency of utilized WBG 

devices

Communication Interface

Standardized 
Communication Ports

Measurement, Control Commands, 
Set Points, Status & Configuration

Standardized I/P & O/P Ports

Auxiliary 
Circuits

Embedded Platform
(PWM generation, Component health 
monitoring, State machine, Protection)

IPS

Standardized Power 
Interconnects

Passives

Sensor 
Outputs

PWM Signal

Sensing & Protection 
Circuits

Auxiliary 
Circuits

Power Stage

Advanced sensing & 
Protection Circuits

Standardized 
Signal 

Interconnects

SUPER Level - Embedded Controller
(PLL, Current Control State Machine, 

Protection Logic Χ..)

Control 
Channel

Data 
Channel

SUPER

Computational Node ς Intelligence
(System Monitoring, Auto Configuration, 

State Machine ΧΧ)

Passives

SUPER ς Computational Platform

From/ To Other Controllers

Measurement, Control Commands, 
Set Points, Status & Configuration
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Innovation Update #1: Communication Validation

Ç Validation of SUPER & IPS control architecture with 

a high-speed communication link (6.25 Mbps)

Ç The communication architecture was validated by all 

partners

3-ph PWM

CHIL Setup for SUPER 
validation in Grid-C

Communication Interface

Standardized 
Communication Ports

Measurement, Control Commands, 
Set Points, Status & Configuration

Standardized I/P & O/P Ports

Auxiliary 
Circuits

Embedded Platform
(PWM generation, Component health 
monitoring, State machine, Protection)

IPS

Standardized Power 
Interconnects

Passives

Sensor 
Outputs

PWM Signal

Sensing & Protection 
Circuits

Auxiliary 
Circuits

Power Stage

Advanced sensing & 
Protection Circuits

Standardized 
Signal 

Interconnects

SUPER Level - Embedded Controller
(PLL, Current Control State Machine, 

Protection Logic Χ..)

Control 
Channel

Data 
Channel

SUPER

Computational Node ς Intelligence
(System Monitoring, Auto Configuration, 

State Machine ΧΧ)

Passives

SUPER ς Computational Platform

From/ To Other Controllers

Measurement, Control Commands, 
Set Points, Status & Configuration


